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Abstract 
Expression and function of the [32-adrenergic receptor ([~2-AR), a critical modulator of motor function, is altered in 
ischemic tissues. However, the mechanism by which ischemia influences gene expression remains controversial, in part 
because of the conflicting :results reported by numerous investigators. To determine the relative importance of hypoxia and 
acidosis on [32-AR expression and function, steady-state mRNA levels and receptor function were measured in DDT~MF-2 
hamster smooth muscle cells grown in 10% serum and 3 nM epinephrine in 5% CO 2 (pH 7.50) and then exposed for 48 h to 
either combined hypoxia with acidosis (through incubation in 2% O 2, 10% CO 2, mean pH 7.14 at 48 h), hypoxia lone (2% 
O 2, 2.5% CO 2, pH 7.36), normoxia-acidosis (21% O 2, 10% CO z, pH 7.12) or continued normoxia (21% O 2, 2.5% CO 2, 
pH 7.49). Combined hypoxia-acidosis downregulated the [~2-AR membrane density by 50% compared to hypoxia lone and 
normoxia lone at 48 h. [32-AR coupling in these cells, as measured by cellular cAMP production in response to 10 -4 M 
isoproterenol, was decreased by hypoxia but increased by acidosis. The effect of hypoxia-acidosis on Bma x was abolished 
by inhibiting transcription with 1.0 txg/ml actinomycin D. A quantitative r verse transcriptase polymerase chain reaction 
assay demonstrated a ecrease in steady-state mRNA concentration with hypoxia-acidosis. Our experiments demonstrate an 
important distinction between the effects of modeled hypoxia and ischemia on [32-AR gene expression. 
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I. Introduction 
The [32-adrenergic receptor ([32-AR) is widely dis- 
tributed in muscle tissue and plays an important role 
in the regulation of motor function. The [3z-AR has 
been sequenced [1,2] arid regulation of gene expres- 
sion has been examined in response to adrenergic 
agonists, glucocorticoids, and other stimuli [3-6]. 
The [3z-AR mediates an enhancement in cardiac 
* Corresponding author. Fax: + 1 (409) 7470692. 
smooth muscle function when overexpressed in a 
transgenic mouse model [7]. To focus on the relation 
between 132-AR synthesis and membrane density dur- 
ing changes in both pH and ambient oxygen, we 
studied the long-term effects of hypoxia at physio- 
logically relevant pH levels in the hamster smooth 
muscle cell line DDT1MF-2, which expresses the 
[~2-AR >> [31-AR [8]. Because changes in [32-AR den- 
sity and gene expression in response to long-term 
exposure to adrenergic agonists and glucocorticoids 
were originally demonstrated in this cell line, we 
used it in our experiments. 
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Hypoxia is important in cardiovascular pathophysi- 
ology, not only in the myocardium, but in the vascu- 
lar endothelium, as a trigger for angiogenesis, and in 
the regulation of erythrocyte mass, as a stimulator of 
erythropoeitin synthesis [9]. Hypoxia may also be 
important in the regulation of the expression of the 
[32-AR gene. Vascular smooth muscle relaxation is an 
essential part of increasing blood flow to an ischemic 
organ, while relaxation of nonvascular smooth mus- 
cle tissues can decrease metabolic demands in is- 
chemic conditions associated with local tissue acido- 
sis [10]. Since these smooth muscle responses are 
facilitated by G-protein-coupled [32-AR-mediated al- 
teration of cyclic AMP (cAMP) synthesis, our goal 
was to understand the regulation of ~2-AR function 
in ischemic onditions. While previous experimental 
designs have rested on the assumption that cellular 
hypoxia is an independent variable in [32-AR gene 
expression, wide fluctuations in ambient pH ordinar- 
ily accompany cellular hypoxia in vivo. We therefore 
hypothesized that pH was important in the regulation 
of the [~2-AR in hypoxia. 
2. Materials and methods 
2.1. Materials 
The DDT~MF-2 hamster smooth muscle cell line 
was obtained from the American Type Culture Col- 
lection, Rockville, MD (#CRL-1701). Culture 
medium was obtained from Gibco-BRL, Gaithers- 
burg, MD, and fetal bovine serum was obtained in a 
single lot from Hyclone Laboratories, Logan, UT. 
Actinomycin-D was from Calbiochem, San Diego, 
CA. Epinephrine was obtained from Research Bio- 
chemica ls  In ternat iona l ,  Nat ick ,  MA.  
[125I]Iodocyanopindolol, cyclic AMP-[ 125I] tracer, and 
cAMP antiserum were obtained from DuPont-NEN, 
Boston, MA. Ascorbate, phentolamine, (s)-(-) -pro- 
pranolol, (-)-isoproterenol, and theophylline were 
obtained from Sigma, St. Louis, MO. Bovine serum 
albumin standards and Coomassie brilliant blue G-250 
dye solution were obtained from Bio-Rad, Richmond, 
CA. Recombinant Moloney murine leukemia virus 
reverse transcriptase, Taq DNA polymerase, RNase 
inhibitor, and nucleotides were purchased from Perkin 
Elmer, Norwalk, CT. The plasmid pBluescript II SK 
(+)  was obtained from Stratagene, La Jolla, CA. 
Genosys of The Woodlands, TX, synthesized oligo- 
nucleotides. The cDNA for human e~-tubulin was 
obtained as a gift from Dr. D.W. Cleveland; the 
cDNA for human ~2-AR was obtained from Dr. B. 
Kobilka. 
2.2. Cell culture 
DDTIMF-2 cells were grown in DMEM with 4.5 g 
glucose/liter, 10% FBS, 50 units penicillin, 50 Ixg 
streptomycin/ml and 3 nM epinephrine for 72 h of 
pretreatment under normoxic conditions (21% 0 2, 
5% CO 2 at 37°C, pH 7.50 _ 0.02 S.E.). Cell culture 
was performed in a dual-gas environmental incubator 
with daily measurement of dissolved oxygen and 
carbon dioxide. A low dose of epinephrine, compara- 
ble to physiologic levels, was used to prevent adren- 
ergic receptor upregulation and to preserve the re- 
sponsiveness of cells to the interventions employed 
[11]. Data are reported as mean + S.E. for four exper- 
iments, comparing hypoxia-acidosis (through incuba- 
tion in 2% 0 2, 10% CO 2, pH 7.18 + 0.01 (mean + 
S.E.) at 24 h and 7.14 + 0.01 at 48 h) with hypoxia 
alone (2% 0 2, 2.5% CO 2, mean pH 7.56 ___ 0.06 at 
24 h and 7.36 __+ 0.08 at 48 h), normoxia-acidosis 
(21% 0 2 , 10% CO 2, mean pH 7.17___ 0.02 at 24 h 
and 7.12_ 0.03 at 48 h), and continued normoxia 
(21% 0 2, 2.5% CO 2, mean pH 7.64 ___ 0.01 at 24 h 
and 7.49 + 0.05 at 48 h). An aliquot of medium was 
withdrawn for measuring epinephrine (using 
HPLC/ECD after the method of Goldstein et al. 
[12]), and dissolved gas/pH measurement (using an 
Instrumentation Laboratory analyzer for pH, pCO 2, 
and pO 2.) The cellular monolayer was removed from 
the flask with 0.25% trypsin; an aliquot was checked 
for viability with Trypan blue and counted. The cells 
were washed twice with phosphate-buffered saline 
containing 3 nM epinephrine. Protein concentration 
was obtained using the method of Bradford [13]. 
Total RNA was isolated using a modification of the 
single-step guanidinium thiocyanate-phenol-chloro- 
form method of Chomczynski and Sacchi [14]. Flasks 
that were not withdrawn for baseline study were 
removed for replacement of medium at baseline and 
at 24 h with fresh medium. Actinomycin-D (1.0 
p~g/ml) was added to the medium in additional 
experiments. 
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2.3. Ligand binding 
The [32-AR protein density on the cell membrane 
was determined by a modification of the rapid filtra- 
tion method of Davies and Lefkowitz using 
[ 125i]iodocyanopindolol (ICYP) [ 15,16]. Cell pellets 
were dispersed by ultrasonic disruption in TME (75 
mM Tris (pH 7.5), 12.:5 mM MgC12 and 1.5 mM 
EDTA) and centrifuged at 200 X g for 10 min at 4°C. 
The supernatant was transferred to a sialinized tube 
and centrifuged at 35 000 X g at 2°C for 30 min. The 
pellet was dissolved in TME and protein concentra- 
tion was obtained using the method of Bradford [13]. 
The ligand binding assay was performed in 5 mM 
ascorbic acid, 10 txM phentolamine, 5 txg/ml bovine 
serum albumin, and 18 ixg/ml membrane protein. 
[lZ6I]ICYP was added for final concentrations of 10 
pM, 20 pM, 40 pM, 80 pM and 160 pM. Specific 
binding was determined by parallel incubations with 
10 IxM propranolol. All incubations were performed 
at 37°C for 60 min, insuring equilibrium conditions 
[16]; after addition of ice-cold TME, the membrane 
preparation was rapidly filtered and counted by liquid 
scintillation. A modified Scatchard plot was derived 
using the computer program LIGAND [17,18]. 
2.4. Equilibrium competition ligand binding 
Equilibrium binding curves were performed by 
measuring the displacement of [125I]ICYP from puri- 
fied DDT~MF-2 membranes by cold isoproterenol. 
Cell membrane protein was prepared as above through 
the end of the initial 200 X g separation of cellular 
debris. The supematant was layered over gradients of 
23% and 43% sucrose in TME buffer and centrifuged 
at 105 000 X g for 60 min. The interface between the 
23% and 43% sucrose was washed in 19% sucrose 
and spun at 145 000 X g for 30 min. The pellet was 
homogenized in 2 ml TME and then diluted 20 × in 
50 mM sodium phosphate with a pH of either 7.0, 
7.5, 8.0, or 12.0. Duplicate experiments were per- 
formed with membrane suspension solutions that had 
been equilibrated with either 2% or 21% 02 . The 
membrane suspension was incubated on ice for 4 h 
and centrifuged at 145000 X g for 30 min. The 
purified membrane pellets were reconstituted in 7 ml 
of TME. Then 300 lxl of this solution was added to 
500 ixl of TME containing 4 mM ascorbic acid and 5 
Ixg/ml BSA. Cold isoproterenol was added to com- 
pete for binding with 70 mM [125I]ICYP during a 
60-rain incubation at 37°C. The product was filtered 
rapidly and counted as above. LIGAND [17,18] was 
employed to generate a displacement curve, which 
was then fit to determine the adequacy of single or 
double binding site models. 
2.5. Stimulated cAMP synthesis and radioimmunoas- 
say 
Cells were prepared under the conditions outlined 
above and were grown in 35-mm diameter wells for 
48 h. Cell counts were performed before adenylate 
cyclase stimulation. Isoproterenol r forskolin or an 
equivalent amount of vehicle (ethanol) was added to 
yield a final concentration of 10 -4  or  10 -8  M for a 
10-min incubation, cAMP was extracted from the 
dishes with the addition of ice-cold ethanol contain- 
ing 1.7% HC1, followed by storage in -20°C 
overnight and subsequent vacuum desiccation of the 
extract over 72 h in a container with sodium hydrox- 
ide pellets (to neutralize the pH of the product). The 
desiccated product was then dissolved in 1.0 ml of 50 
mM Tris HC1 (pH 7.5) and stored at 4°C for less than 
a week. Each sample was acetylated before radioim- 
munoassay according to the method of Frandsen and 
Krishna [19]. The results were recorded as pmol of 
cAMP per 10 6 cells stimulated by 10 min of isoprote- 
renol or forskolin after subtraction of the level ob- 
tained using incubation with vehicle without an 
adrenergic agonist. 
2.6. Reverse transcriptase polymerase chain reaction 
RT-PCR was used to examine the relative preva- 
lence of the mRNA for the [3z-AR. We designed this 
highly controlled assay to discern relatively small but 
physiologically relevant levels of change in [32-AR 
mRNA, based on the work of Gilliland et al. [20] 
First, a cDNA template was made by PCR (for future 
control RNA synthesis) using a set of oligonucleotide 
primers (HAMB2PCR-S: 5'-GATTTAGGTGA- 
CACTATAGGGAGCAGGATGGGCGGAGTGATT- 
AACCCTCACTAAAGGGA-3' and HAMB2PCRAS: 
5'-TI?TTTTTTTTTTTTTTTTGTAGATGAGGGGA- 
TTGAAAGTAATACGACTCACTATAGGGC-3') ,  
which included 'sticky feet' that hybridized at the 3' 
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end to T3 and T7 polymerase sites, flanking the 
multiple cloning site. This allowed degenerate PCR 
of a full-length cDNA (confirmed by sequencing) in
which the multiple cloning site of pBluescript II was 
flanked with hamster [32-AR DNA complementary to 
the primers that had been selected for SQRT-PCR 
amplification of the DDT1MF-2 mRNA: 
HAMSB2AR-S (5'-GGAGCAGGATGGGCG- 
GAGTG-3'), encompassing bases 1955-1974 and 
HAMSB2AR-AS (5' -GTAGATGAGGGGAT- 
TGAAAG-3') at bases 2170-2189 [1]. Complemen- 
tary DNA for ot-tubulin was ligated to the multiple 
cloning site of the pBluescript and was used as a 
filler to obtain a template cDNA product, which was 
transcribed in vitro using SP6 RNA polymerase to 
make the control template RNA with a poly(A) tail. 
At the time of assay 8 pg of control RNA was added 
to a fixed amount (50 ng) of poly(A) ÷ RNA in each 
assay tube for simultaneous reverse transcription, 
which was performed in 10 mM Tris (pH 8.3), 50 
mM KC1, 5 mM MgC12, 1 mM each dNTP, 1 
unit/pA RNAse Inhibitor, 2.5 unit/pA MMLV-RT, 
and 15 pmol HAMSB2AR-AS in a total volume of 
20 ill, incubated first at 42°C for 60 min and then at 
99°C for 5 min. The reaction product was then sub- 
jected to competitive PCR with the addition of 15 
pmol of 5' end-labeled [32p]HAMSB2AR-S in 10 
mM Tris (pH 8.3), 50 mM KC1, 1 mM MgC12, and 
2.5 units Taq DNA polymerase in a total volume of 
100 p,1 at 95°C for 2 min/35 cycles of 95°C for 30 s, 
53.3°C for 30 s, 72°C for 60 s/72°C for 5 min. The 
template (369 bp) and ~2-AR mRNA (234 bp) prod- 
ucts were separated by nondenaturing polyacrylamide 
gel electrophoresis and examined using storage phos- 
phor imaging (PhosphorImager hardware and Image- 
Quant software, Molecular Dynamics, Sunnyvale, 
CA.) Each gel was exposed to the storage phosphor 
plates for four h. The plates were digitized and the 
raw signal intensities of the control template and the 
~2-AR mRNA bands were compared. The results of 
experimentation with ranges of amounts of template 
and poly(A) + RNA allowed us to effectively balance 
competitive amplification, which led us to choose the 
combination of 8 pg of control RNA and 50 ng of 
poly(A) + RNA, in keeping with the methodology of
Gilliland et al. [20]. Since our assay was based on 
competition for primer, the cycle number was not 
rate-limiting. We therefore amplified over 35 cycles, 
since that was the number of cycles beyond which no 
further amplification was seen for either control or 
[32-AR mRNA. The resultant ratio obtained from 
cellular poly(A) ÷ RNA after experimental interven- 
tions yielded a comparative index of the amount of 
[32-AR mRNA present in the samples. 
2.7. Statistics 
Results were tested for statistical significance by 
one-way analysis of variance (ANOVA) between the 
incubation conditions of hypoxia-acidosis, hypoxia 
alone and normoxia. The Student-Newman-Keuls test
was used to perform pairwise multiple comparisons 
whenever the differences in the mean values among 
the treatment groups were identified by ANOVA as 
being greater than those which would be expected by 
chance with 95% certainty (P < 0.05 was considered 
significant). 
3. Results 
We first examined the effects of hypoxia and pH 
stress on ~2-AR expression i  the DDT1MF-2 ham- 
ster smooth muscle cell line by measuring the recep- 
tor density on cell membranes isolated after environ- 
mental stress. After 24 and 48 h of either normoxia 
conditions, normoxia-acidosis, hypoxia-acidosis or 
hypoxia alone, ligand binding analysis of the ~2-AR 
was performed. Hypoxia-acidosis downregulated the 
~2-AR density (Bma x) compared with normoxia nd 
hypoxia alone at 24 h and at 48 h (Fig. 1A). Al- 
though hypoxia alone appeared to cause a small 
increase in [32-AR Bma x compared to normoxia, this 
10% increase fell short of statistical significance. The 
[32-AR Bma x response of the cells in acidosis alone 
was unusual in that a decrease in parallel with com- 
bined hypoxia-acidosis at 24 h was followed by an 
increase in Bma x to a level that was nearly as high as 
that of the non-acidotic states at 48 h. The K d for 
ligand binding did not change significantly as a result 
of the environmental conditions (2.01 + 0.15-10-Jl 
M at baseline normoxia, 2.80 + 0.32 after 48 h of 
normoxia, 2.66 _ 0.44 after 48 h of normoxia-acido- 
sis, 2.35 _ 0.36 after 48 h of hypoxia, and 2.09 _ 0.30 
after 48 h of hypoxia-acidosis.) There was no signifi- 
cant difference in the epinephrine l vel in the medium, 
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although the concentration did decay over time in all 
groups (from 3.0 nM to 1.10_ 0.31 after 48 h of 
normoxia, 0.94 _ 0.07 after 48 h of normoxia-acido- 
sis, 1.94 +__ 0.46 after 48 h of hypoxia, and 2.03 + 0.40 
nM after 48 h of hypoxia-acidosis. 
The functional coupling response of the 132-AR in 
the DDTIMF-2 cells was examined by measuring 
cellular cAMP levels after treating cells with the 
~2-AR ligand isoproterenol and the nonspecific stim- 
ulator of adenylate cyclase forskolin (Fig. 1B). Stim- 
ulation took place after 4.8 h of normoxia, hypoxia, or 
hypoxia-acidosis. Results are expressed as the amount 
of cAMP produced in ez~cess of that produced by no 
stimulation. Using high-dose isoproterenol, cells 
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treated with hypoxia produced less cAMP than cells 
in normoxia, but acidotic ells produced more cAMP 
than cells grown under standard pH conditions. Since 
low-dose agonist stimulation with either isoproterenol 
or forskolin produced very little cAMP in excess of 
basal values, these findings were not judged to be 
statistically significant. Although low dose forskolin 
produced a pattern similar to that seen at low dose 
isoproterenol, there was no difference in the response 
to forskolin between environmental conditions at the 
high dose. The differences in cAMP produced by 
hypoxia and hypoxia-acidosis with high-dose iso- 
proterenol may therefore be attributable tochanges in 
coupling of receptor to adenylate cyclase. We then 
addressed the question of whether eceptor affinity 
could also be altered by our experimental conditions, 
especially regarding the effect of pH. The affinity of 
the 132-AR was determined after brief (4-h) exposures 
of sucrose-gradient purified cell membranes tovaried 
pH conditions (Fig. 2A) and to hypoxia. Severe 
Fig. 1. DDT I MF-2 [~2-AR function in response to alteration of 
pH and pO 2. (A) [~2-AR protein density (Bma x) on the cell 
membrane was determined by saturation ligand binding. Data are 
reported as mean_+ S.E. for four individual sets of experiments, 
comparing hypoxia/acidosis (through incubation i  2% 0 2, 10% 
CO 2, mean pH: 7.18 at 24 h and 7.14 at 48 h) with hypoxia alone 
(2% 0 2, 2.5% CO 2, mean pH 7.56 at 24 h and 7.36 at 48 h), 
normoxia-acidosis (21% 0 2, 10% CO 2, pH 7.12), or normoxia 
(21% 02, 2.5% CO2, mean pH 7.64 at 24 h and 7.49 at 48 h). At 
24 h, the 132-AR B,nax in both hypoxia-acidosis and normoxia- 
acidosis cells was less than that in both hypoxia and normoxia 
cells (# = P < 0.05). At 48 h, hypoxia-acidosis cells (but not 
normoxia-acidosis cells) displayed a significant decrease in Bma x
( * = P < 0.05) compared to hypoxia and normoxia. (B) Effects 
of hypoxia and acidosis on stimulation of cellular cAMP synthe- 
sis by 10 -8 or l0  -4  M isoproterenol r forskolin after 48 h of 
exposure to either hypoxia-acidosis, hypoxia, or normoxia under 
the same conditions. The results were recorded as pmol of cAMP 
per 106 cells after subtraction of the level obtained in cells 
exposed to vehicle only. Mean basal cAMP production was 3.90 
pmol/106 cells in hypoxia, 2.46 in normoxia, 5.12 in hypoxia- 
acidosis, and 2.65 in normoxia-acidosis. Since low-dose agonist 
stimulation produced very little cAMP in excess of basal values, 
the differences een with low-dose isoproterenol and forskolin 
were not judged to be statistically significant. Using high dose 
isoproterenol, cells treated with hypoxia alone produced less 
cAMP than cells in normoxia, but acidotic cells produced more 
cAMP than non-acidotic ells ( *= P < 0.05). There was no 
difference in the responses to forskolin after high dose stimula- 
tion. 
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alkalosis had the same effect on [~2-AR affinity as 
was previously demonstrated in the c~2-AR: a large 
decrease in receptor affinity for agonist with a selec- 
tive loss of high-affinity agonist binding [21]. Hy- 
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Fig. 2. (A) Effect of pH on isoproterenol binding to DDT 1 MF-2 
cell membranes. Each curve represents he best statistical fit of a 
16-point heterologous displacement experiment with [125I]ICYP 
to either a one-site or two-site model of receptor affinity. For pH 
12.0, the one-site model was most adequate to regress the data 
(P < 0.05). For all other conditions, the mathematical criteria for 
a two-site model were met, with P < 0.05. See Section 2 for 
description of experimental conditions. (B) [32-AR membrane 
density (Bma x) by ligand binding after 48 h of actinomycin D
(1.0 ixg/ml) incubation. Data are reported as mean+S.E, for 
four individual sets of experiments, comparing hypoxia-acidosis 
with hypoxia alone. See Section 2 for a description of experimen- 
tal conditions. There were no significant differences between the 
responses to hypoxia-acidosis and hypoxia alone. 
poxia had no effect (data not shown). At the pH 
ranges used in our other experiments (between pH 
7.0 and 8.0) the two-site fit was statistically superior, 
indicating preservation of both high and low affinity 
states, and the competition curves could be superim- 
posed upon each other without difficulty. 
We then examined the effect of actinomycin D 
treatment of DDT 1 MF-2 cells on the [32-AR Bm~ x
downregulation that we had documented, using a 
concentration of actinomycin D that inhibits mRNA 
production. Cell viability remained above 95% during 
actinomycin D treatment and [32-AR density declined 
sharply in all cells (Fig. 2B). The decline corre- 
sponded to a single exponential with a tl/2 value of 
4 h. Virtually identical results were obtained with 
hypoxia-acidosis and hypoxia. These results indicate 
that either the [~2-AR mRNA or the [32-AR itself has 
a relatively rapid turnover ate, depending on which 
is rate-limiting in sustaining protein density at the 
membrane. Turnover, however, is not altered by aci- 
dosis in hypoxic conditions. The results also indicate 
that [32-AR mRNA synthesis is required to maintain 
132-AR density. 
We then asked whether the change in [32-AR 
density in hypoxia-acidosis was attributable to a 
change in the steady-state abundance of mRNA for 
the [~2-AR, using poly(A) + RNA from DDT] MF-2 
cells. We used a quantitative RT-PCR assay instead 
of the more customary blotting techniques to measure 
the intracellular concentration of [32-AR mRNA be- 
cause we needed to be able to distinguish physio- 
logically relevant but small changes in mRNA con- 
centration with reproducible results. We found a 50% 
reduction in [32-AR mRNA with hypoxia-acidosis 
compared with other environmental conditions (Fig. 
3). These results correspond to the direction and 
magnitude of the change in the [32-AR Bma X. 
4. Discuss ion 
The major finding of this study is that when 
hypoxia and acidosis are combined to model cellular 
ischemia, the membrane density of the [3:-AR is 
decreased compared to the effect of hypoxia alone. 
The affinity characteristics of the [32-AR on the cells 
are preserved under hypoxia and/or  acidosis, but 
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[~2-AR coupling is decreased by hypoxia and in- 
creased by acidosis, as shown by intracellular cAMP 
measurement. There is also a decrease in the concen- 
tration of the mRNA for the [32-AR in hypoxia-acido- 
sis. 
Although [32-AR density is subject o many mech- 
anisms of regulation, these may be partially distin- 
guished by examining the time course of events. 
Brief stimuli (minutes) lead to rapid phosphorylation 
and sequestration f receptors [22], but lengthy stim- 
uli (hours to days), including exposure to adrenergic 
agonists, cAMP, and glucocorticoids, lead to clear 
changes in [32-AR transcription and protein synthesis 
[3,4,8] related to specifically defined promoter ele- 
ments [5,23]. There is clearly considerable overlap 
between these two types of mechanisms of receptor 
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Fig. 3. Quantitative RT-PCR analysis of 132-AR mRNA DDT1MF-2 after alteration of ambient pH and pO 2. (A) The cDNA template was 
made by PCR for synthesis of a synthetic RNA for use as a control in RT-PCR amplification of DDT1MF-2 RNA. The oligonucleotide 
primers HAMB2PCR-S (5'-GATTTAGGTGACACTATAGGGAGCAGGATGGGCGGAGTGATTAACCCTCACTAAGGGA_3~) and 
HAMB2PCR-AS (5'-TTTTFTTTTTTTTTTTTTGTAGATGAGGGGATTGAAAGTAATACGACTCACTATAGGGC-3'), which in- 
eluded 'sticky feet' that hybridized at the 3' end to T3 and T7 polymerase sites of pBluescript II SK (+), were first amplified in 
degenerate PCR to yield a template cDNA product. This template DNA was transcribed in vitro using SP6 RNA polymerase tomake the 
control template RNA with a poly(A) + tail. RT-PCR was then performed simultaneously onthe control template and poly(A) + RNA 
from DDT1MF-2. (B) SQRT-PCR analysis of [32-AR mRNA after alteration of ambient pH and pO 2. The raw signal intensities of the 
control template and the [32--AR mRNA bands were compared after 48 h of hypoxia (H), normoxia (N), hypoxia-acidosis (HA), or 
normoxia-acidosis(NA). (C) Data are reported as mean-t-S.E, for four individual sets of experiments. Hypoxia/acidosis led to a 
significant decrease in mRNA compared with the other environmental conditions ( * = P < 0.05). 
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regulation, but our study was designed to examine the 
longer-term echanisms of regulation. Our cell cul- 
ture was performed with overnight pre-equilibration 
of medium prior to cellular exposure and rapid chill- 
ing of cells after removal from the flasks. We cannot 
exclude a minor reoxygenation effect in the analysis 
of Bma x and mRNA for the [32-AR, but the precau- 
tions we took would only allow for exposure of cells 
to reoxygenation for seconds in time (at a maximum) 
whereas the experimental effects were recorded over 
periods of hours. 
Here we present the finding that combined hypoxia 
and acidosis regulate the expression of the of [32-AR 
gene. We have determined that this change is linked, 
perhaps mechanistically, to the prevalence of the 
mRNA for the of 13:-AR. The decrease in isorpro- 
terenol-stimulated cAMP produced by hypoxic cells 
in our experiments mirrors the finding of Webster 
and Bishopric that hypoxic cardiac myocytes produce 
less cAMP [24]. However, the increase in cAMP 
during acidosis in our model appears to be dominant 
over the effect of hypoxia, both in total cAMP pro- 
duction and in the effect of combined hypoxia-acido- 
sis on the downregulation f 132-AR Bma x. 
There has been a lack of consensus on both the 
direction and the mechanism of the effects of oxygen 
and proton concentration on cellular [32-AR mem- 
brane density. Earlier studies examined [3-AR density 
in smooth and cardiac muscle preparations and fo- 
cused on defining the responses of specific tissue or 
organ models to ischemia [25]. Myocardial ischemia 
in a guinea pig model ed to rapid [3-AR upregulation 
and externalization f sequestered receptors [26], and 
similar responses were observed in rat ventricular 
myocardium [27]. It is difficult, however, to deter- 
mine the relative contributions of hypoxia and acido- 
sis to the effect of decreased circulation in experi- 
ments involving ischemia in whole-organ prepara- 
tions. In tissue culture, exposure of chick embryo 
ventricular cells [28] and neonatal rat ventricular 
myocytes [29] to brief hypoxia led to nonselective 
[3-AR downregulation, attributed to sequestration i  
both cases. In another tissue culture study, however, 
hypoxic neonatal rat ventricular myocytes in culture 
exhibited [3-AR upregulation [30]. Variables such as 
local catecholamine concentrations, glucose concen- 
tration, and the effects of pH on oxidative metabolism 
may explain these conflicting results, which are not 
necessarily contradictory, but rather eflective of var- 
ied experimental conditions. It is important to note 
that our study is limited by the fact that we did not 
examine myocardial or vascular smooth muscle di- 
rectly. However, our model does provide insight into 
the role of modeled hypoxia and acidosis on the 
[32-AR (selectively) in a smooth muscle tissue culture 
model, where careful control of pH and pO 2 is 
possible. Myocardial tissue is rich in 131-AR and has 
distinguishing metabolic haracteristics. The value of 
the DDT~ MF-2 model is in the fact that 95% of the 
[3-AR are 132-AR, which allows for selective analysis. 
Although it is problematic to mimic ischemia in a 
isolated cell model, control of local tissue pH and 
oxygen tension is superior to any in vivo or organ 
perfusion model. 
The downregulation of the [3-AR described in 
cultured chick embryo ventricular myocytes [31] and 
arterially perfused newborn rabbit myocardium [32] 
in response to acidosis alone could be an adaptive 
effect related to a shift to anaerobic ellular energy 
metabolism, ordinarily associated with local lactate 
accumulation and acidosis. We observed a transient, 
but not sustained, decrease in [32-AR numbers after 
normoxia-acidosis, which was partially consistent 
with these past findings. It is possible that environ- 
mental acidosis and hypoxia have a synergistic effect 
in diminishing intracellular pH, perhaps through ele- 
vated internal actic acid production during hypoxia. 
pH must, at least, be an important variable that 
should be controlled to understand the effect of hy- 
poxia on [32-AR expression and function. Protein 
synthesis in Syrian hamster embryo cells can be 
modified by both intracellular acidification and alka- 
linization [33]. The proton can thus serve as a second 
messenger within cells, with varied tissue-specific 
effects. 
Sequestration and other posttranslational events 
might contribute to the decrease in [32-AR membrane 
density observed in our experiments, but cannot be 
sufficient o cause it, since blocking synthesis of the 
[32-AR by inhibiting gene transcription with actino- 
mycin D results in a logarithmic decline in [32-AR 
and eliminates the effect of pH on [32-AR density. 
The data do suggest hat the proton can function as 
an intracellular second messenger responsible for reg- 
ulation of gene expression i  the setting of hypoxia. 
Our experiments demonstrate animportant difference 
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between the effects of models of hypoxia and is- 
chemia on 132-AR gene expression. Conflicting re- 
suits obtained in past experiments regarding the ef- 
fects of hypoxia on gene expression i  which pH was 
not a controlled variable may therefore be ap- 
proached using the models developed in these experi- 
ments. 
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